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Impaired NFATc Translocation and Failure of Th2
Development in Itk-Deficient CD41 T Cells
via its pleckstrin homology domain and subsequent acti-
vation of phospholipase Cg (PLCg) (Takata and Kuro-
saki, 1996; Fluckiger et al., 1998; Scharenberg and Kinet,
Deborah J. Fowell,* Kanade Shinkai,*
X. Charlene Liao,*² Amy M. Beebe,³
Robert L. Coffman,³ Dan R. Littman,§
and Richard M. Locksley*²‖ 1998). Studies of the related T cell±associated Tec ki-
nase Itk suggest a similar role in modulating calcium-*Departments of Medicine and Microbiology/
Immunology dependent TCR signals (Liu et al., 1998). Variations in
the amplitude and duration of the calcium signal can²Howard Hughes Medical Institute
University of California San Francisco modulate the nuclear localization of transcription factors
such as NFAT and NF-kB that have been implicated inSan Francisco, California 94143
³DNAX Research Institute of Molecular and Cellular cytokine gene expression (Dolmetsch et al., 1998; Li et
al., 1998). Thus, Itk, through effects on TCR-mediatedBiology
Palo Alto, California 94304 calcium flux, might modulate the pathway leading to
the activation of distinct cytokine genes. We used Itk-§Howard Hughes Medical Institute
The Skirball Institute of Biomolecular Medicine deficient mice to demonstrate a novel and nonredundant
role for this kinase in mediating the development of IL-New York University Medical Center
New York, New York 10016 4-producing Th2 cells in vitro and in vivo.
Results
Summary
Itk-Deficient CD41 T Cells Fail to Develop
Naive Itk-deficient CD41 T cells were unable to estab- into IL-4-Producing Cells in Vitro
lish stable IL-4 production, even when primed in Th2- CD41 T cells were primed using anti-TCRb/CD28 mAbs,
inducing conditions. In contrast, IFNg production was APC, and IL-2 and, after 5 days, washed and restimu-
little affected. Failure to express IL-4 occurred even lated using anti-TCRb mAb, fresh APC, and IL-2 for 2
among cells that had gone through multiple cell divi- days. Under these conditions (neutral priming), BALB/c T
sions and was associated with a delay in the kinetics cells produced 15-fold more IL-4 than B10.D2 T cells, as
and magnitude of NFATc nuclear localization. IL-4 pro- described previously (Figure 1A; note log scale) (Hsieh et
duction was restored genetically by retroviral recon- al., 1995; Bix et al., 1998). Unexpectedly, and at variance
stitution of Itk or biochemically by augmenting the with their BALB/c background, Itk-deficient CD41 T cells
calcium flux with ionomycin. In vivo, Itk-deficient mice failed to produce detectable IL-4 (Figure 1A). Both IL-5
were unable to establish functional Th2 cells. Develop- and IL-13 production were also severely impaired (data
ment of protective Th1 cells was unimpeded. These not shown).
data define a nonredundant role for Itk in modulating Priming cells in the presence of exogenous IL-4 (Th2
signals from the TCR/CD28 pathways that are specific priming) further revealed the extent of the deficit in itk2/2
for the establishment of stable IL-4 but not IFNg ex- CD41 T cells. Whereas cells from both BALB/c and
pression. B10.D2 mice increased the amounts of recovered IL-4
under these conditions, IL-4 from BALB/c Itk-deficient
cells remained over 100-fold lower than that from Itk-Introduction
expressing cells (Figure 1A). This deficiency was appar-
ently not due to impaired IL-4 receptor (IL-4R)-mediatedThe development of CD41 effector T cells requires the
clonal expansion of helper T cells that express patterns signaling, since the Itk-deficient T cells extinguished
IFNg production and proliferated in response to IL-4.of cytokines appropriate for a given immunologic chal-
lenge. Much interest has focused on how naive T cells Thus, as compared to the fold increase in cells after
neutral priming (BALB/c: 4.2 6 1.2±fold versus itk-defi-acquire their discrete cytokine profiles (Abbas et al.,
1996; O'Garra, 1998). Accumulating evidence suggests cient: 0.6 6 0.08±fold), Itk-deficient cells expanded com-
parably in the presence of exogenous IL-4 (BALB/c:that distinct transcription factors mediate cytokine gene
expression patterns in Th1 and Th2 cells (Rincon and 4.6 6 1.0±fold versus itk-deficient: 3.3 6 1.2±fold). Simi-
lar defects in IL-4 production were obtained when Itk-Flavell, 1997). Despite these observations, the biochemi-
cal pathways that link TCR stimulation to the activation deficient cells were primed over a wide range of antibody
concentrations (0.05±5 mg/ml anti-TCRb) and after allo-of distinct classes of transcription factors and thence
cytokine genes remain obscure. geneic cell stimulation in vitro (data not shown).
In contrast to Th2 development, the absence of ItkWithin B lymphocytes, the Tec family kinase Btk mod-
ulates activation through the B cell receptor (Satter- did not affect either the development of IFNg-producing
cells or the ability of IL-12 to prime for IFNg productionthwaite et al., 1997, 1998). Biochemical analysis sug-
gests that Btk serves to increase cytosolic calcium levels (Figure 1A). Collectively, these data indicate that TCR/
CD28 signaling in the absence of Itk fails to supportthrough interaction with membrane phosphoinositides
development of IL-4-producing effector cells, but it re-
mains sufficient for the development of IFNg-producing‖ To whom correspondence should be addressed (e-mail: locksley@
medicine.ucsf.edu). cells.
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Figure 2. Priming of CD41 T Cells in the Presence of a Fixed Con-
centration of IL-2
Purified naive CD41 T cells were primed as in Figure 1 but in the
presence of anti-mouse IL-2 mAb. Recombinant hIL-2 was added
where indicated. After 5 days, the cells were washed and restimu-
lated. Supernatants were collected after 48 hr and analyzed for IL-4
and IFNg. Representative results from one of three comparable
experiments. The asterisks represent cytokine production below the
level of detection. Bars represent means and SEM.
the picogram/milliliter range from BALB/c CD41 T cells
and, to a much lesser extent, from B10.D2 cells (Figure
1C). In contrast, Itk-deficient CD41 T cells failed to pro-
duce detectable IL-4. These data suggest that Itk modi-
fies IL-4 expression that occurs during priming.
To assess whether CD41 T cells could produce any
IL-4 in the absence of Itk, purified CD41 T cells from the
designated mice were stimulated with phorbol myristateFigure 1. Effector Th Cell Development in the Absence of Itk
acetate (PMA) and ionomycin for 5 days, and the super-CD41 T cells from Itk-deficient and wild-type mice were primed with
natants were analyzed for IL-4. In contrast to resultsTCRb/CD28 mAbs, IL-2, and APC.
with TCR/CD28, PMA/ionomycin signaling restored IL-4(A and B) After 5 days primary culture, the cells were washed,
counted and restimulated with fresh APC and anti-TCRb mAb. Cul- production by Itk-deficient T cells, indicating that the
ture supernatants were collected after 48 hr and analyzed for IL-4 IL-4 gene is fully functional (Figure 1D).
and IFNg by ELISA. (A) Cells were primed under neutral, Th2 (IL-4),
and Th1 (IL-12, anti-IL-4) conditions. (B) IFNg was neutralized during
Failure to Produce IL-4 Is Independent of Proliferationprimary stimulation with anti-IFNg mAb.
Prior studies demonstrated a proliferation defect in(C) Naive CD41 T cells were primed under neutral conditions in the
CD41 T cells lacking Itk that was linked to decreasedpresence of blocking anti-IL-4R mAb. Primary supernatants were
collected after 5 days and assayed for IL-4. IL-2 production (Liao and Littman, 1995; Liu et al., 1998),
(D) Naive CD41 T cells were stimulated with PMA and ionomycin raising the possibility that decreased IL-2 might contrib-
for 5 days, and the supernatants were assayed for cytokines by ute to the phenotype of these cells (Le Gros et al., 1990).
ELISA.
To assess this possibility, CD41 T cells were primedBars represent means and SEM. The asterisks represent cytokine
with anti-TCR/CD28 mAbs in the presence of neutraliz-production below the level of detection. Representative results from
ing anti-mouse IL-2 mAb. The efficacy of mouse IL-2one of four comparable experiments.
blockade was demonstrated by the abrogation of IL-4
production upon restimulation of all the primed cells if
they had been activated in the absence of IL-2 (FigureIt is possible that the inability to detect IL-4 was due
to the selective outgrowth of IFNg-producing cells rather 2). Recombinant human IL-2 (rhIL-2) was then provided
to standardize the available IL-2 between cultures. Al-than the failure to generate IL-4-producing cells. Despite
priming in the presence of neutralizing anti-IFNg mAb, though rhIL-2 restored IL-4 production from both BALB/c
and B10.D2 cells, IL-4 was not restored to wild-typehowever, no IL-4 was recovered from cultures of Itk-
deficient cells (Figure 1B). Thus, IFNg in the cultures of levels in cultures of Itk-deficient cells (Figure 2). In con-
trast, IL-2-dependent IFNg production was restored byItk-deficient cells was not responsible for the failure of
IL-4-producing cells to develop. rhIL-2 in both wild-type and Itk-deficient CD41 T cells.
In agreement with prior studies (Liao and Littman, 1995;To examine IL-4 produced early after TCR engage-
ment, purified naive CD41 T cells were primed with anti- Liao et al., 1997a), we observed no significant differ-
ences in the dose response to rhIL-2 between wild-typeTCR/CD28 mAb in the presence of blocking IL-4R mAb.
IL-4R blockade permits detection of the low levels of and Itk-deficient BALB/c CD41 T cells (data not shown).
During these studies we noticed that the different pro-IL-4 that accumulate during priming, presumably by in-
hibiting receptor-mediated uptake of secreted IL-4. The liferation between BALB/c and Itk-deficient BALB/c T
cells was dependent on the conditions. Cross-linkingeffectiveness of the IL-4R blockade was demonstrated
by the abrogation of IL-4 production upon restimulation anti-TCR and anti-CD28 mAbs with irradiated APC re-
sulted in proliferation differences that did not occur(data not shown). Under these conditions, IL-4 produced
during the 5 day priming period could be detected in when the cells were activated using the same mAbs
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Figure 3. Proliferation and Effector Th Cell Development of Itk-Deficient Cells under Different Antibody Cross-Linking Conditions
(A) CD41 T cells were incubated at 2 3 105 cells/well with the designated concentrations of anti-TCRb mAb and 5 mg/ml anti-CD28 mAb. The
antibodies were cross-linked for presentation to T cells in the presence (left) or absence of APC using antibody-coated tissue culture plates
(right). Cell proliferation was analyzed by [3H]thymidine incorporation after 48 hr. Representative results from one of three comparable
experiments.
(B) CD41 T cells were primed in 2 ml cultures with TCRb/CD28 mAbs in the presence or absence of APC. After 5 days, cells were washed
and restimulated with anti-TCRb mAb cross-linked by APC or plate bound. Supernatants were collected after 48 hr for IL-4 and IFNg.
Representative results from one of three comparable experiments. The asterisks represent cytokine production below the level of detection.
(C) Cell cycle progression of purified T cells from the designated mice as assessed by CFSE dilution after TCR/CD28 cross-linking using APC
or plate-bound conditions. Cells were analyzed on day 3 after stimulation. Results are representative of three comparable experiments.
(D) CFSE peaks from cycles 3, 4, 5, and 6 were purified simultaneously using four-channel sorting 4 days after activation of naive T cells.
mRNA was purified to make cDNA for templating a competitor cytokine plasmid to quantitate the relative induction of IL-4 transcripts as
compared to the constitutively expressed HPRT gene assessed using densitometry. Results represent one of two comparable experiments.
bound to tissue culture plastic (Figure 3A). These differ- and used for quantitative analysis of IL-4 mRNA to deter-
mine whether the deficiency in IL-4 production in Itk-ences were only evident during primary activation of
naive CD41 T cells; Itk-deficient and wild-type cells pro- deficient cells reflected the reduced numbers of cells
progressing to the later stages of cell division. Althoughliferated comparably after secondary activation under
either conditions of primary stimulation (data not shown). induction of low but comparable amounts of IL-4 mRNA
occurred in both wild-type and Itk-deficient cells in earlyEven when stimulated with plate-bound antibody such
that comparable proliferation occurred, however, Itk- cell divisions, Itk-deficient cells failed to sustain IL-4
mRNA through divisions 4, 5 and 6, when markedly en-deficient cells failed to produce IL-4 but maintained nor-
mal levels of IFNg (Figure 3B). hanced expression was occurring in wild-type cells (Fig-
ure 3D). Thus, IL-4 expression is independent of theRecent reports have linked activation of IL-4 produc-
tion by CD41 T cells with progression through three numbers of cell divisions but dependent on the presence
of Itk.rounds of cell division (Bird et al., 1998; Gett and Hodg-
kin, 1998). Naive Itk-deficient and wild-type CD41 T cells
were labeled with the intracellular fluorochrome CFSE Absence of Itk Results in Impaired
NFATc Translocationand cell cycle progression was compared after TCR/
CD28 stimulation (Figure 3C). Itk-deficient and wild- Itk-deficient CD41 T cells fail to generate a sustained
calcium flux after TCR engagement (Liu et al., 1998). Wetype cells advanced through comparable rounds of divi-
sion, particularly under plate-bound antibody conditions. have extended this analysis to assess the fate of NFATc
nuclear translocation after TCR activation in the ab-However, the numbers of cells that failed to enter cell
division was increased in the absence of Itk, particularly sence of Itk. NFATc has been previously implicated in
regulating IL-4 production (Ranger et al., 1998a; Yoshidaafter APC-mediated antibody cross-linking. Using plate-
bound conditions, cells were sorted by CFSE intensity et al., 1998), but the pathways by which such regulation
Immunity
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Effects of Itk Are Expressed Independently of Other
Chromosome 11±Linked Genes
Itk is located 22 cM from the centromere on mouse
chromosome 11 in a region containing a number of
genes that may be involved in effector T cell develop-
ment, including the IL-12 responsive locus tpm1 (Gor-
ham et al., 1996). The Itk-deficient mice were generated
by targeting 129/Sv-derived ES cells and backcrossed
to C57BL/6 mice (Liao and Littman, 1995). The Itk-defi-
cient mice in this study were backcrossed ten genera-
tions to BALB/c mice. Contributions from the original
129/B6 mice that had been backcrossed on the flanks
of the itk gene disruption were mapped using a set of
polymorphic simple sequence length DNA markers that
distinguished the BALB/c and 129/B6 alleles. Such
analysis revealed approximately 14 cM derived from
the original 129/B6 mouse located between 20 and 34
cM along chromosome 11 of the backcrossed mice
(D11MIT130 to D11MIT339); the remaining chromosome
11 markers were BALB/c-derived.
The functional consequences of introducing a region
of flanking DNA were revealed in studies of IL-12 respon-Figure 4. Impaired Nuclear Localization of NFATc in Itk-Deficient
siveness. This assay defines the capacity of B10.D2 (andCells
other inbred mice including C57BL/6 and 129/Sv) CD41(A) Western blot of nuclear extracts prepared from CD41 T cells
T cells, but not BALB/c CD41 T cells, to respond toafter stimulation using anti-TCR/CD28 mAbs under plate-bound
conditions. Nuclear extracts from 4 3 106 cells were loaded per exogenous IL-12 by the enhanced production of IFNg
lane. Blots were sequentially probed for NFATc and NF-kB p65 after priming under neutral conditions (Guler et al., 1997).
(Rel A). The deficit in activated BALB/c CD41 T cells results
(B) BALB/c Itk-deficient T cells were stimulated using anti-TCR/ from premature downregulation of IL-12R b2 expression
CD28 mAbs in the presence or absence of 1 mM ionomycin. After
(Szabo et al., 1997). Unlike BALB/c T cells, however, Itk-5 days, cells were washed and restimulated using anti-TCR mAb.
deficient BALB/c T cells demonstrated a dose-depen-Supernatants were collected after 48 hr and analyzed for IL-4.
dent response to IL-12, although not as great as that
seen from C57BL/6 T cells (Figure 5A). The gene(s) that
impart this phenotype remain unmapped but have beenmight occur remain unknown. Using conditions where
closely linked to Itk on mouse chromosome 11 (Gorhamproliferation was comparable between Itk-deficient and
et al., 1996). Such findings raised the possibility thatwild-type cells (plate-bound anti-TCR/CD28 mAbs), highly
flanking genes from the 129/B6 background introducedpurified naive CD41 T cells were stimulated and nuclear
the IL-4 deficiency, rather than the deletion of the Itk
extracts were prepared after various periods of time.
gene itself.
Consistent with an upstream defect in generation of a
We used congenic BALB/c mice bred with homozy-
sustained calcium flux, NFATc nuclear localization was
gous 129 alleles from 2 to 34 cM on chromosome 11
both delayed and reduced in magnitude in the Itk-defi- (D11MIT2 to D11MIT26) in these assays to assess inde-
cient cells (Figure 4A). Total amounts of NFATc in resting pendently the contributions of Itk or flanking genes to
T cells were unaffected by Itk deficiency (data not shown). the various CD41 effector phenotypes. Such mice have
In contrast, the NF-kB pathway remained largely intact, an intact 129-derived Itk gene. In contrast to BALB/c
as demonstrated by nuclear localization of the p65 Rel Itk-deficient CD41 T cells, CD41 T cells from chromo-
A protein after stimulation in both Itk-deficient and wild- some 11 congenic mice produced readily detectable
type T cells (Figure 4A). Despite similar kinetics of NF- IL-4 after stimulation under neutral conditions that was
kB translocation by both Itk-deficient and wild-type T comparable to wild-type BALB/c CD41 T cells (Figure
cells, a modest reduction in the magnitude of nuclear 5B). Thus, the BALB/c IL-4 phenotype maps to regions
NF-kB was noted in Itk-deficient cells, which may reflect distinct from this area on chromosome 11, in support
the reduced numbers of Itk-deficient cells entering cell of prior genetic studies (Bix et al., 1998). In contrast,
division (Figure 3C). the IL-12 responsiveness of the congenic CD41 T cells
In order to restore the impaired calcium/calcineurin/ resembled that demonstrated by cells from B10.D2 and
NFAT pathway, we primed Itk-deficient T cells with anti- BALB/c Itk-deficient mice (Figure 5C). These data sug-
TCR/CD28 mAbs in the presence of ionomycin. Consis- gest that Itk deficiency alone was sufficient to alter IL-4
tent with an obligatory role for Itk in sustaining a calcium expression in CD41 T cells and that IL-12 respon-
flux required for IL-4 gene expression, the addition of siveness occurs in the presence or absence of Itk.
ionomycin alone restored the ability of Itk-deficient cells To demonstrate that Itk alone could enhance IL-4 pro-
to produce IL-4 (Figure 4B). These data support a mech- duction, we used retroviral-directed gene expression to
anism by which Itk affects differential cytokine gene reconstitute Itk-deficient CD41 T cells. We generated a
activation and/or stabilization by directly modulating bicistronic retrovirus (RV) coexpressing itk and GFP un-
der the control of the murine stem cell virus long terminalcalcium fluxes from TCR/CD28-mediated stimulation.
Itk and Th2 Development
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Figure 6. Retroviral Reconstitution of Itk-Deficient T Cells
(A) Naive CD41 T cells were infected with control GFP-RV (empty
vector) or itk-expressing (Itk-RV) retrovirus. After 6 days cells were
sorted for CD4 and the presence or absence of GFP expression as
noted (R1±R3).
(B) Sorted cells from the indicated populations were restimulated
with anti-TCR mAb. Supernatants were collected after 48 hr and
analyzed for IL-4. The asterisk represents cytokine production below
the level of detection. Data represent one of three comparable ex-
periments.
parasites (Reiner and Locksley, 1995). The phenotype ofFigure 5. IL-12 Responsiveness in Itk-Deficient CD41 T Cells
the Itk-deficient CD41 T cells, extinction of IL-4 expres-(A) CD41 T cells were primed under neutral conditions as in Figure
sion without effects on IFNg, suggested that Itk-defi-1. On day 6 cells were harvested, washed, and restimulated at 105
cient BALB/c mice might establish protective Th1 immu-cells/well with irradiated APC with rmIL-12 as indicated. Superna-
tants were analyzed for IFNg after 48 hr. Data represent one of five nity to L. major. Indeed, Itk-deficient mice on a resistant
comparable experiments. B6/129 genetic background controlled parasite infec-
(B) CD41 T cells were primed with anti-TCR/CD28 as in (A) for 6 tion in a manner indistinguishable from other resistant
days, washed, and restimulated with anti-TCR mAb, rhIL-2, and
mouse strains, supporting our in vitro data indicatingirradiated APC. The asterisk represents cytokine production below
that Th1 development was maintained in the absencethe level of detection.
of Itk (Figure 7A).(C) CD41 T cells were primed and restimulated in the presence
of rmIL-12 as indicated. Data represent one of two comparable In contrast to genetically resistant mice, BALB/c and
experiments. heterozygous itk1/2 BALB/c mice developed progres-
sive infection, as evidenced by the increasing size of the
footpad lesions (Figure 7A) and the typical Th2 immune
repeat (MSCV LTR) (Itk-RV) (Figure 6A). Naive Itk-defi- response in the face of large numbers of recovered or-
cient CD41 T cells were activated with anti-TCR/CD28 ganisms (Figures 7A and 7B). Despite this genetic back-
mAbs and infected 24 hr later. After 6 days, cells were ground, Itk-deficient BALB/c mice arrested L. major in-
sorted for expression of GFP and then restimulated and fection in a manner comparable to genetically resistant
analyzed for their capacity to produce IL-4. Some toxic- B10.D2 mice. As with resistant mice, control of infection
ity was apparent in lymphocytes upon expression of itk by Itk-deficient animals was associated with a strong
that did not occur among cells expressing the vector Th1 immune response and marked reduction in the num-
control or during Itk-RV infection of 3T3 cells (Figure 6A; bers of recovered parasites (Figures 7A and 7B). The
data not shown). Despite the impaired recovery of cells unaltered susceptibility of the heterozygous itk1/2 mice
that expressed itk as compared to the vector control, makes it unlikely that non-BALB/c-derived flanking
reconstitution of Itk was associated with substantial in- genes contribute to the resistance phenotype of the Itk-
crease in the capacity of Itk-deficient cells to produce deficient mice.
IL-4 upon restimulation (Figure 6B). Itk-deficient mice have a reduced number of periph-
eral CD41 T cells due to impaired thymic development
Abrogated Th2 Development in the Absence (Liao and Littman, 1995). Since susceptibility of BALB/c
of Itk In Vivo mice to L. major is critically dependent on the number
BALB/c mice fail to clear infection with Leishmania ma- and specificity of CD41 T cells (Fowell and Locksley,
jor due to the development of an inappropriate Th2 re- 1999), the establishment of Th1 responses in the Itk-
deficient mice could be a consequence of the reducedsponse that is incapable of clearing the intramacrophage
Immunity
404
Figure 7. In Vivo Th2 Development in Itk-Deficient Mice
(A) Groups of four designated mice were infected with L. major and the course of disease followed by measuring the size of the footpad
lesions. Parasite load from the footpads is depicted from animals in the right panel. Error bars indicate SEM. Results are from one of three
comparable experiments.
(B) Cytokine-producing cells in the dispersed popliteal lymph nodes of infected mice from the right panel in (A) were assessed by ELISPOT
assay.
(C) Groups of three TCR Ca2/2 mice were left nonreconstituted (none, closed diamonds) or reconstituted with 7.5 3 107 CD41 T cells from
Itk-deficient (itk2/2, closed circles) or wild-type BALB/c (BALB, open squares) donors and infected with L. major after 24 hr. After 8 weeks,
the cytokine profile of L. major±reactive T cells was assessed in 48 hr culture supernatants from popliteal lymph node cells incubated with
soluble L. major antigen. The asterisks represent cytokine production below the level of detection. Parasite titer represents recovery from
footpad tissues.
(D) Groups of four mice were inoculated with N. brasiliensis. After 12 days mice were analyzed for numbers of worms in the intestines and
numbers of IL-4-producing cells by ELISPOT assay of dispersed lung cells. Bars represent means and SEM. Results represent one of three
comparable experiments.
peripheral T cell compartment. Recent studies suggest BALB/c CD41 T cells were fully susceptible to L. major
and developed a typical Th2 response, the mice recon-that susceptibility of BALB/c mice to L. major is medi-
ated by the T cell response to a parasite antigen desig- stituted with the same numbers of BALB/c Itk-deficient
CD41 T cells controlled infection (as determined by foot-nated LACK (Julia et al., 1996; Launois et al., 1997; Pingel
et al., 1999). To confirm that LACK-reactive T cells were pad swelling; data not shown), redirection of cytokine
production after stimulation with L. major antigens, andpresent in Itk-deficient BALB/c mice, animals were im-
munized with recombinant LACK antigen in complete a 7-log reduction in the numbers of recovered parasites
(Figure 7C). Nonreconstituted mice remained suscepti-Freund's adjuvant. Proliferation of the draining lymph
node cells in response to LACK in vitro was comparable ble. Comparable numbers of total and activated CD41 T
cells were recovered from both groups of reconstitutedbetween Itk-deficient and wild-type cells (19,800 6 500
and 22,000 6 800 cpm, respectively). Thus, the resis- animals. Thus, Itk-deficient BALB/c T cells, as directly
compared with the same numbers of control BALB/c Ttance of Itk-deficient mice is not due to loss of LACK
reactivity. cells, were incapable of developing into stable Th2 cells
after challenge with L. major. This functional deficiencyTo address the issue of overall T cell numbers, purified
CD41 T cells from BALB/c and Itk-deficient BALB/c mice was not global, however, since Itk-deficient cells medi-
ated control of infection, consistent with their differenti-were transferred into BALB/c TCR Ca2/2 mice using
numbers of cells (7.5 3 107) sufficient to reconstitute ation into fully functional Th1 cells.
The nematode Nippostrongylus brasiliensis power-susceptibility to L. major as established in prior studies
(Varkila et al., 1993). Whereas mice reconstituted with fully induces Th2-mediated immunity that is required for
Itk and Th2 Development
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expulsion of worms from the intestines (Urban et al., differential effects on IL-4 but not IFNg production. Such
findings extend prior observations regarding the mecha-1998). Twelve days after infection with N. brasiliensis,
neither wild-type nor itk1/2 BALB/c mice had any worms nisms by which generic signals can lead to specific
responses within different cell types (e.g., lymphocytesremaining in the gut (Figure 7D). Expulsion was accom-
panied by the development of a robust Th2 immune or cardiac myocytes) (Dolmetsch et al., 1997; Crabtree,
1999) to the level of effector differentiation in single Tresponse as measured by an increased frequency of IL-
4-producing cells. In contrast, Itk-deficient BALB/c mice cells. The ability of NFATc to recruit coactivators capa-
ble of modulating chromatin structure (Garcia-Rodri-were unable to expel adult worms from the gut and
showed a significant reduction in the number of IL- guez and Rao, 1998; Avots et al., 1999) would be consis-
tent with the epigenetic alterations in cytokine gene4-producing cells (Figure 7D). Thus, in this independent
infectious disease model, Th2 development was se- expression that accompany the differentiation of naive
CD41 T cells to Th2 effectors (Agarwal and Rao, 1998;verely impaired in Itk-deficient mice.
Bix and Locksley, 1998; Takemoto et al., 1998).
These data strengthen genetic and biochemical evi-Discussion
dence suggesting that Itk can modulate signals gener-
ated through the TCR/CD28 pathway (Liao et al., 1997a,These findings document impaired Th2 development
1997b; Liu et al., 1998; Lu et al., 1998; Satterthwaite etin CD41 T cells that lack the intracellular nonreceptor-
al., 1998; Schaeffer et al., 1999). Earlier studies docu-associated kinase Itk. Despite the use of mice on the
mented a similar abrogation of Th2 development in CD4-BALB/c genetic background, a strain highly permissive
deficient T cells (Brown et al., 1997; Fowell et al., 1997).for Th2 development (Hsieh et al., 1995; Bix et al., 1998),
The role of the CD4 and CD8 coreceptors in stabilizingItk-deficient CD41 T cells did not achieve stable IL-4
the TCR-MHC/peptide complex could facilitate theirexpression in vitro, even when activated under condi-
higher order oligomerization into competent signalingtions that biased toward Th2 development. Itk deficiency
modules (Boniface et al., 1998), as suggested using puri-was marked by a failure to translocate efficiently the
fied TCRs in vitro (Reich et al., 1997). Lck-deficient CD41transcription factor NFATc to the nucleus. Retroviral
T cells also showed abrogated Th2 development in vitro,reconstitution with itk or augmentation of the impaired
consistent with a pathway in which TCR oligomerizationcalcium flux with ionophore restored the capacity for
and Lck activation via coreceptor recruitment contributestable IL-4 expression by Itk-deficient T cells. The re-
to a requisite threshold for expression of the IL-4 genequirement for Itk in Th2 development was supported in
(Yamashita et al., 1998). Involvement of Lck in phosphor-two independent infectious disease models. In contrast,
ylation and activation of Itk (Gibson et al., 1996; Augustno significant impact occurred on type 1 immune re-
et al., 1997; Heyeck et al., 1997) and the role of Srcsponses. These data implicate Itk in modulating TCR
kinases in the activation of Tec kinases in other cellssignals that differentially affect the developing cytokine
(Alexandropoulos et al., 1995; Rawlings et al., 1996;repertoire of CD41 effector subsets that cannot be com-
Cooley, 1998), would place Itk downstream of this path-pensated by other T cell kinases.
way. Despite the association of Itk with CD28-derivedThe ability of Tec kinase family members to modulate
calcium fluxes in B and T cells (Takata and Kurosaki, signaling in some systems (Lu et al., 1998), the different
phenotypes of Itk-deficient and CD28-deficient T cells1996; Liu et al., 1998) and the subsequent role of calcium
in controlling differential activation and nuclear localiza- in Th subset development suggest that CD28 is not a
requisite participant in such a pathway (Brown et al.,tion of transcription factors, such as NFAT (Timmerman
et al., 1996; Dolmetsch et al., 1997, 1998; Li et al., 1998), 1996b). Roles for the other T cell Tec family kinases,
Tec and Rlk, undoubtedly exist (Schaeffer et al., 1999;suggest a model whereby the regulation of calcium flux
affects the differential activation and/or stabilization of Yang et al., 1999), but the data here suggest that the
function of Itk in the development of Th2 cells is a nonre-effector cytokine genes. In particular, gene disruption
of various NFAT family members incriminated NFATc in dundant one. Recent studies demonstrated a requisite
role for Btk in optimizing cytokine release from mastregulating the expression of IL-4 in a manner that could
be inhibited by other NFAT proteins (Kiani et al., 1997; cells after FceRI activation, corroborating involvement of
Tec kinases in mediating effector responses of immuneRanger et al., 1998a, 1998b; Yoshida et al., 1998). Our
data support such a model, although further study will be cells (Hata et al., 1998).
Deficiency of Itk was associated, as shown previouslyrequired to establish whether the effects of Itk deficiency
are mediated through interacting proteins, including (Liao and Littman, 1995), with defects in cell prolifera-
tion, although, as shown here, this was seen only whenother NFAT family members, that restrain NFATc trans-
location (Ranger et al., 1998b) or by failure to maintain APC were used to deliver the T cell activating signals.
Itk-deficient cells proliferated comparably to wild-typeNFATc in the nucleus in the absence of appropriately
regulated calcium release±activated calcium (CRAC) T cells when stimulated by plate-bound antibodies. Im-
portantly, deficient IL-4 expression was present underchannels (Timmerman et al., 1996). NFAT-dependent
transcription in lymphocytes requires a sustained series both conditions, demonstrating the dissociation of these
two phenotypes. Similarly, defects in IL-2 production,of calcium spikes (Berridge et al., 1998) that depends on
CRAC channels responsive to depletion of intracellular as noted here and in previous studies (Liao et al., 1997a;
Liu et al., 1998), could not be linked to impaired Th2calcium stores. In B cells, Btk was demonstrated to
maintain extracellular calcium influx by regulating acti- development. The impact of Itk on proliferation and IL-4
expression is interesting nonetheless given reports link-vation of CRAC channels (Fluckiger et al., 1998). The
experiments here link Itk with NFATc nuclear transloca- ing activation of the IL-4 gene to a requisite number of
cell divisions in naive CD41 T cells (Bird et al., 1998;tion in stimulated CD41 T cells and unexpectedly, with
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Experimental ProceduresGett and Hodgkin, 1998). As shown here, however, direct
comparison of Itk-deficient and wild-type cells that had
Miceprogressed through the same numbers of cell divisions
Female BALB/c, B10.D2, and C57BL/6 mice (Jackson Laboratories)
after stimulation revealed an inability of Itk-deficient were kept in the pathogen-free animal care facility at UCSF. Itk-
cells to maintain expression of IL-4. Thus, in this system, deficient B6/129 mice (Liao and Littman, 1995) and TCR Ca2/2 mice
rounds of DNA division and IL-4 expression were disso- (Philpott et al., 1992) were both backcrossed ten generations to
BALB/c. 129±chromosome 11/BALB/c congenic mice were gener-ciated.
ated by serial backcross and were homozygous for 129 alleles fromOne of the intriguing aspects of these studies was
2 to 34 cM on chromosome 11 (D11MIT2 to D11MIT26) but otherwisethe realization that the gene(s) regulating loss of IL-12
BALB/c homozygous at all markers (Beebe et al., 1997). Genetic
responsiveness, thought to be mediated through abro- analysis was performed using tail DNA as described (Beebe et al.,
gated IL-12R b2 expression (Gorham et al., 1996; Guler 1997) with a series of sequence length DNA markers that are poly-
et al., 1997), was backcrossed along with the itk null morphic between BALB/c and B10.D2 or 129 mice as derived from
the The Jackson Laboratory Mouse Genome Informatics database.allele originally derived from 129/Sv mice. Thus, back-
crossed BALB/c Itk-deficient T cells demonstrated re-
sponsiveness to IL-12-mediated IFNg production that Cell Purification
was absent in wild-type BALB/c mice. Sequence length CD41 T cells were enriched from spleen and lymph node cells by
antibody- and complement-mediated lysis of CD8, MHC class II,polymorphisms established that flanking genetic mate-
and heat stable antigen (HSA)-bearing cells as described (Fowell etrial was derived from the original 129/Sv strain that
al., 1997). Cells were suspended in culture medium (RPMI 1640 withmapped precisely to the localization of the IL-12 re-
10% heat-inactivated fetal calf serum [FCS], 50 mM b2-mercaptoeth-
sponse region, designated tpm1 (Gorham et al., 1996). anol, 2 mM L-glutamine, and 100 U/ml penicillin and streptomycin)
Indeed, congenic BALB/c mice that contained the and were 85%±90% CD41 TCRab1.
same flanking regions derived from 129 mice with a func- Naive (L-selectinhi) CD41 T cells were sorted from spleen and
lymph node cells after labeling with anti-CD4-PE (YTS191.1, Caltag)tional itk allele demonstrated independent expression
and anti-L-selectin-FITC (MEL-14; Pharmingen) using flow cytome-of BALB-like IL-4 production and B10.D2-like IL-12 re-
try (MoFlo Multi-Laser Flow Cytometer, Cytomation). Sorted cellssponsiveness. Abrogation of IL-12 responsiveness, by
were .98% CD41 L-selectinhi TCRab1.priming in the absence of IFNg (Szabo et al., 1997) also
Where designated, purified naive CD41 T cells (107/ml in PBS)
failed to alleviate the block in IL-4 production in Itk- were incubated with 5 mM carboxyfluorescein diacetate succinimi-
deficient cells. Finally, the ability to restore IL-4 produc- dyl ester (CFSE, Molecular Probes) for 8 min at room temperature
tion through retroviral-mediated itk reconstitution or bio- and washed three times in large volumes of culture medium prior
to use.chemical restoration of the attenuated calcium flux with
Antigen-presenting cells (APC) were prepared from the spleensionomycin strongly supports the independence of the
of TCR Ca2/2 mice by Ficoll centrifugation and g-irradiation (2500Itk phenotype from the tpm1 locus. The proximity of
rad).
these loci, however, emphasizes that care must be exer-
cised in the evaluation of backcrossed mice when as-
T Cell Reconstitutionssessing the contributions of a single locus.
TCR Ca2/2 mice were reconstituted with 7.5 3 107 CD41 T cells fromDespite impaired Th2 development, Th1 development
wild-type or Itk-deficient BALB/c mice in 0.2 ml PBS by intravenous
in itk2/2 mice was unaffected as assessed in vitro and injection 24 hr prior to infection.
in vivo using L. major (as shown here) and viruses (Bach-
mann et al., 1997). Th1 development was similarly
In Vitro T Cell Primingspared in CD4-deficient, Lck-deficient, and NFATc-defi-
T cell priming was initiated in 24-well plates with 106 CD41 T cells/
cient mice, corroborating sequestration of this program well in 2 ml culture medium with 5 3 106 irradiated APC, mAbs to
from that involved in establishing Th2 cells (Locksley et TCRb (H57.597, 0.5 mg/ml) and CD28 (37N51.1, 5 mg/ml), and 40
al., 1993; Fowell et al., 1997; Yamashita et al., 1998; U/ml recombinant human IL-2 (rhIL-2). Where indicated, recombinant
mouse IL-4 (50 ng/ml), recombinant mouse IL-12 (5 ng/ml), anti-IL-4Yoshida et al., 1998). The immune dysfunction in doubly
mAb (11B11, 20 mg/ml), anti-IFNg mAb (XMG1.2, 50 mg/ml), and/ordeficient Rlk and Itk mice was not apparent in Itk-defi-
anti-IL-4R mAb (M1, 50 mg/ml) were added. Neutralizing anti-mousecient mice, suggesting that Rlk contributes unique func-
IL-2 mAb S4.B6 was used at 10 mg/ml. Proliferation was assessedtions to the T cell effector program (Schaeffer et al., by incorporation of 1 mCi [3H]thymidine over 18 hr after addition to
1999). Although mice deficient in Itk demonstrated ulti- 48 hr cultures.
mate failure to contain another intracellular protozoan, After 5±6 days of primary stimulation, cells were washed and
Toxoplasma gondii (Schaeffer et al., 1999), immunity redistributed at 105 cells/well in 200 ml cultures in 96-well round-
bottomed plates with 5 3 105 irradiated APC, anti-TCRb mAb (0.5against that organism is preferentially dependent upon
mg/ml), and 40 U/ml rhIL-2. After 48 hr, supernatants were analyzedCD81 T cells that produce IFNg rather than CD41 T cells,
for IL-4, IFNg, IL-5, and IL-13 by ELISA.as required for immunity against L. major (Suzuki and
Where designated, T cells were primed in the absence of APC
Remington, 1990). Further study will be required to as- using antibody-coated tissue culture plates. Anti-TCR (0.5 mg/ml)
sess whether the roles for Tec kinases are comparable and anti-CD28 (5 mg/ml) mAbs were plated in PBS at 250 ml/well
in CD4 and CD8 T cells. For CD4 T cells, these findings and incubated for 2 hr at 378C to allow antibody binding. Plates
raise the possibility that signaling pathways for Th sub- were washed four times with PBS to remove unbound antibody
before addition of cells. After 5±6 days, cells were washed andset differentiation might contain targets amenable to the
restimulated using anti-TCR mAb-coated plates.abrogation of one program without necessarily compro-
Where indicated, 106 purified CD41 T cells in 2 ml cultures weremising the other. Indeed, Itk itself might represent an
stimulated with 10 ng/ml PMA and 0.5 mg/ml ionomycin in the pres-
attractive target for modulating dysregulated allergic ence or absence of irradiated APC. Supernatants were collected
pathways mediated by Th2 cells, as demonstrated by after 5 days and analyzed for cytokines by ELISA.
the severe defect in functional Th2 development in the Maintenance of IL-12 responsiveness was assessed as described
(Gorham et al., 1996). Briefly, 106 CD41 T cells were activated withabsence of Itk in various animal models.
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